To realize high speed and high precision positioning for photolithography, a novel scheme of six degree of freedom magnetically levitated precision positioning stage is designed, where 8 air core solenoid coils and 32 permanent magnets are employed as the stator and mover respectively, and the levitation and linear drive parts of the stage are separated, thus the coupling between them is minimized and the nonlinearity due to the material ferromagnetism is avoided. Based on Lorentz law, some parameters, including permanent magnets length, currents and levitation height are analyzed to determine the equilibrium position. A dynamical model in levitation direction is established and an H infinity robust control algorithm based on the mixed sensitivity control is applied. Lastly, the dynamic response is simulated. The results show that the stage enable to work stably under the conditions with 2A current and 0.5mm levitation height. This validates the design of the system and demonstrates the feasibility of the developed controller.
Introduction
Positioning stage is the key component of the semiconductor photolithography equipment.The stage should be capable of providing high precision and speed. Additionally, it is demanded to be adapted to the operating environment with super high cleanness. But, these kinds of performance targets may be impossible to realize using the conventional mechanical trans mission mechanis m of linear guide ways and rotating axes . Therefore, most researchers have solved these problems by the dual actuator [1, 2] . Surface motor overco me the problems of the conventional mechanical co mpounding or cascading stages [3] .
The earliest developments in surface motor can be traced to the sawyer motor developed late in the 1960's [4] . This motor is a variable reluctance type and is used without any positioning feedback. Therefore, it cannot be used in the semiconductor industry. In the 1980's, the surface motor using magnetic force has been studied for the accurate planar-transfer [5] . But, to meet the high cleanness and high accuracy, it is required that the mover should be isolated fro m the stator completely. Therefore, the magnetically levitated surface motor with the mover levitated on the space have been developed [6] .
Researchers have developed several magnetic suspension surface motors. Kim et al have designed a wafer stepper stage for photolithography using the Halbach magnet array. The stage is suspended in 5-DOF by dc electro magnets, and driven in the sixth direction by a Lorentz-type linear motor. The lev itation and linear drive parts of the stage are the same and couple occur between the two parts.
In this paper, a novel surface motor based on magnetic levitation, which consists of permanent magnets and air core solenoid coils is proposed. This surface motor is designed to assure inherent dynamic stability in 3-DOF motions. Additionally, this surface motor is capable of making a 6-DOF mot ion without contact, but it is weak to external disturbances due to its non-contact operation in nature. Therefore, this paper also developed robust controller based on mixed sensitivity H infinity control theory to minimize the effect of external disturbances and parameter uncertainties.
Force analysis of a solenoi d coil/ permanent magnet
2.1 Magnetic field by air core solenoid coil The geometry of the air core solenoid coil with a square cross section and permanent magnet are described in Fig.3 . Here, D, d, and H are the outer side length, inner side length, and height of the solenoid coil, respectively. D p and h p are the diameter and length of the magnet respectively. The symbol denotes that current flows toward out the paper whereas the symbol  denotes that current flows toward in the paper. Using Biot-Savart law, the magnetic 72 field produced at P(x, y, z) by the current loop of 2b is
Where 0  is a permeab ility of the free space given as For the N-turn air core solenoid coil, the magnetic field can be found by integrating the field contributions given in (1)- (2) in transverse and longitudinal direction, and then the entire magnetic field can be exp ressed like
Where N is the number of co il winding turns 2.2 Fo rce between air core solenoid coil and permanent magnet
The material of the permanent magnet is an important factor to the success of the proposed system. Advanced rare earth neodymiu m-iron-boron (NdFeB) magnets have high residual strength which enhance the magnetic forces, and strong coercive force which lower a demagnetizing effect and are very stable under higher working temperatures. Therefore, the NdFeB magnets are deemed as the best choice. In the design analyzed here, the NdFeB permanent magnets have the following characteristics: residual induction B r =1.24~1.26T; coercive force H c =920~960 KA m -1 ; maximu m magnetic energy BH max =295~303 KJ m -3 . For a unit dipole mo ment m in a magnetic field B, the force that the magnetic dipole mo ment experience can be derived by applying the Lorent z force law, and this is expressed in a vector form as ()
3 Force analysis between air core solenoid coil and permanent magnet According to (5) , there are t wo types of forces experienced by the permanent magnet: horizontal force F x , which is the same as F y due to the symmetric geometry of the solenoid, and vertical force F z . The vertical force is used to levitate the mover called as levitation force, and the horizontal force called as destabilizing force should be kept as small as possible because it works as a destabilizing force in the system. In order to comp lete the magnetic levitation system design, this paper investigated analytically how the solenoid coil and permanent magnet dimensions affect the destabilizing and levitation force.
First, this paper examined the effect of the permanent magnet size on the levitation force. Fig.4 (a) shows the levitation force curves along the z axis with h p equal to 3mm, 4mm, 5mm, 6mm and 7mm, and with D p equal to 5mm. Fro m this figure, th is can be discovered that the levitation force increases with increasing h p . The increasing rate slightly decreases. Similar results are obtained with different solenoid coil sizes. Therefore, h p is chosen as 5mm with the consideration of sufficient force to overcome the mover g ravitational weight as well as the force efficiency per magnet mass. The air gap of the magnet relative to the solenoid coil should be maintained so that a high and linear stiffness coefficient can be obtained, and this is chosen referring to Fig.4 (a) as 0.5mm. Fig.4 (b) shows the levitation force curves along the Z-axis with I equal to 1.7A, 1.8A, 1.9A, 2.0A and 2.1A and with D p equal to 5mm and h p equal to 5mm. Fro m Fig.4 (b) , the lev itating current of 2A is required to float the mover whose weight is 2.3N. Fig.5 shows the horizontal force curves along the Z-axis with current equal to 1.7A, 1.8A, 1.9A, 2.0A and 2.1A, and with D p and h p equal to 5mm respectively. As can be seen from the figure, the horizontal force is not only small but also changes slightly. Therefore, the destabilizing force can be neglig ible when the stage is located between 0 and 1mm. Then, the dimension of the solenoid coils is appropriate, and the stabilization of mover can be guaranteed. 
Dynamic model of the system
The complete characteristic of the developed system illustrated in Fig.1 requires the dynamic analysis. The governing equation of the mover is derived in th is section, assuming that an air friction through the air gap between the mover and the stator and the damping effect due to a current induced in the conductive stage by a variation of the magnetic field can be neglected. The mover is levitated on the space without any connections with the stator, so the mover can be regard as a rig id body. Therefore, it is simple to model the dynamics of the mover. The governing equation of the mover can generally be expressed like
Where m denotes mass, F (p, i) denotes levitation force that is a function of displacement and current, W denotes weight.
In case of levitation, a magnetic force between the magnetic elements is the restoring one and then it is possible to express the F (p, i) with a linear equation within a small range around the equilibriu m position. 
H infinity robust controller design
It is clear fro m (10) that the system contains the oscillatory lev itation motion. Hence it is necessary to construct a high performance feedback controller to stabilize and control the system. Since the mechanical parameters, K and G are theoretically estimated; m can be calculated exactly within the error of a balance. It is not easy to control the system that has modeling errors. Thus, a robust controller is needed so as to improve the performance. In this research, the mixed sensitivity H infinity robust control technique is adopted.
Performance weighting can reflect the requirement of sensitivity function shape. In order to make the system have good tracking performance and disturbance rejection, performance weighting function's amplitude should be chosen as large as possible at low frequency. There is unmodeling error and noise at high frequency, therefore, robust weighting function should be chosen to be a high-pass filter.
F(P, K infin ity(s)) is the transfer function fro m disturbance input d to the controlled output Z. The H infinity control problem is then to choose a controller, K infinity(s), that makes the closed-loop system internally stable and satisfying the performance design requirements of || F(P, K infinity(s))|| infinity<1. Then, the H infinity Controller is obtained by solving two algebraic Riccati equations .
After some tuning, it was found that the follo wing weighting matrix satisfactory specifications. 
Conclusion
A new contact-free surface motor has been developed. The surface motor is especially suitable for semiconductor photolithography. In the system, the mover is lev itated by repulsive forces and driven by Lorentz force. Then, the mover on space is perfectly isolated fro m the stator. And it is possible to man ipulate highly accurate posture without any additional driver and both levitation. Furthermore, there does not exist a limit in accuracy realizable theoretically.
The DC magnetic levitation system is an open-loop nonlinear and unstable system. Fo r position control purpose, a mixed sensitivity robust controller is designed. The simu lation results of the proposed robust controller for position control showed similar responses without overshoot in all the axes. Therefore, the results verified the derived theoretical model and the feasibility of the proposed control system.
